Introduction
The photorefractive effect is a phenomenon wherein a change in the refractive index is induced by a combined mechanism of photovoltaic and electro-optic effects. [1, 2] A transparent material that exhibits both photovoltaic and electro-optic effects can potentially be used as a photorefractive material. The interference of two laser beams in a photorefractive material establishes a refractive index grating. [1] [2] [3] [4] [5] [6] When two laser beams interfere in an organic photorefractive material, charge generation occurs at the bright positions of the interference fringes. The generated charges diffuse or drift within the material. Because the mobilities of positive and negative charges are different in most organic materials, [3] [4] [5] a charge separated state is formed. The charge with high mobility diffuses over a longer distance than the charge with low mobility, so that while the low mobility charge stays in the bright areas, the high mobility charge moves to the dark areas. The bright and dark positions of the interference fringes are thus charged with opposite polarities, and an internal electric field (space charge field) is generated in the area between the bright and the dark positions. The refractive index of this area between bright and dark positions is changed through the electro-optic effect. Thus, a refractive index grating (hologram) is formed.
The photorefractive effect in surface-stabilized ferroelectric liquid crystals (SS-FLCs) doped with a photoconductive compound has been reported. [7] [8] [9] [10] [11] [12] [13] FLCs exhibit a chiral smectic C phase (SmC*) that possesses a helical structure. [14] When the FLC is sandwiched between glass plates to form a film of few micrometers thick, the helical structure uncoils and a surface-stabilized state (SS-state) is formed in which spontaneous polarization (Ps) appears. The direction of the Ps is correlated with the direction of the FLC molecules. A change in the direction of the Ps leads to a change in the directions of the FLC molecules. The direction of the spontaneous polarization is affected by the change in the direction of the electric field applied to the LC. Thus, if an electric field is induced within the LC phase by photo-irradiation, the direction of the spontaneous polarization is changed by the photoinduced internal electric field, giving rise to a change in refractive index of the corresponding area. When the internal electric field is induced at the interference fringe formed by the irradiation of laser beams, a refractive index grating is formed along the interference fringe. Fig. 1 shows a schematic illustration of the mechanism of the photorefractive effect in FLCs. The internal electric field alters the direction of spontaneous polarization in the area between the bright and dark positions of the interference fringes, which induces a periodic change in the orientation of the FLC molecules. Compared to nematic LCs, FLCs are more crystalline than liquid, and the preparation of fine FLC films requires several sophisticated techniques. Obtaining a uniformly aligned, defect-free, surface-stabilized FLC (SS-FLC) using a single FLC compound is very difficult, [15] and thus mixtures of several LC compounds are usually used to obtain fine SS-FLC films. The FLC mixtures are composed of the base LC, which is also a mixture of several LC compounds and a chiral compound. The chiral compound introduces a helical structure into the LC phase through supramolecular interactions. In order to utilize an FLC as a photorefractive material, photoconductive compounds must be added to the FLC. However, the introduction of such non-LC compounds into FLC deteriorates the formation of the uniformly aligned SS-state. Thus, adequate design of the photoconductive compounds is crucial. In this study, chiral compounds exhibitted photoconductivity were synthesized and mixed with the base LC compounds. The properties of the obtained photoconductive FLC mixtures were examined and the relationship between the photorefractive effect and properties of the FLC mixtures were investigated.
2.Method 2.1 Samples
The structures of the LC compounds, the electron acceptor trinitrofluorenone (TNF) and the photoconductive chiral compounds used in this study are shown in Fig. 2 . The smectic C (SmC) liquid crystal used in this study was a 1:1 mixture of 5-Octyl-2-(4-octyloxyphenyl) pyrimidine (8PP8) and 2-(4-Decyloxyphenyl)-5-octyl pyrimidine (8PP10). The mixing ratio of 8PP8 and 8PP10 was set to 1:1 because the 1:1 mixture exhibits the SmC phase over the widest temperature range. Hereafter, the 1:1 mixture of 8PP8 and 8PP10 is referred to as the base LC. The concentration of TNF was 0.1 wt%. The photoconductive chiral compound with the terthiophene chromophore (3T-2MB) was synthesized. The base LC, TNF, and a photoconductive chiral compound were dissolved in dichloroethane, and the solvent was evaporated. The mixture was then dried in vacuum at room temperature for one week. The samples were subsequently injected into a 10-m-gap glass cell equipped with 1-cm 2 ITO electrodes and a polyimide alignment layer (LX-1400, Hitachi Chemicals Co.) for the measurements.
Measurements
The photorefractive effect was measured in a two-beam coupling experiment. A linearly polarized beam from an Ar + laser (165LGS-S, Laser Graphics; 488 nm, continuous wave) was divided in two by a beam splitter, which were then interfered in the sample film. A p-polarized beam was used in most of the experiments in this study. The laser intensity was 2.5 mW for each beam (1 mm diameter). The incident beam angles to the glass plane were 30° and 50°. Each interval of the interference fringe was 1.87 m. The sample was heated to 30 °C using a thermo-controller. An electric field of 0 to 10 V/m was applied to the sample from a regulated DC power supply, and the change in the transmitted beam intensity was monitored by photodiodes and recorded by a computer. The formation time for the refractive index grating in the FLC was measured based on the simplest single-carrier model of photorefractivity, [2, 3] in which the gain transient is exponential. The rising signal of the two-beam coupling was fitted by a single exponential function.
Results

Ferroelectricity and photoconductivity of the FLC mixture
The mixtures of the base LC with 3T-2MB exhibited Ps values smaller than 1 nC/cm 2 , which is the measurement limit of our equipment.
The photocurrents in mixtures of the base LC, photoconductive chiral dopants and TNF were measured. As shown in Fig. 3 , the sample was good insulator in the dark. When 488 nm laser was irradiated to the samples, photocurrents were clearly observed. 
3.2
Two-beam coupling experiment on photoconductive FLC mixtures Because the change in the refractive index occurs in the area between the bright and dark positions of the interference fringes, the phase of a refractive index grating resulting from the photorefractive effect does not coincide with that of the interference fringes. In the case that the phase of the refractive index grating is shifted from the interference fringes, two interfering beams result in an asymmetric energy exchange, in that the transmitted intensity of one beam increases while that of the other beam decreases. [1, 2] The photorefractivity of a material is often evaluated based on its two-beam coupling efficiency (the coupling ratio and gain coefficient) and the diffraction efficiency of the index grating. [3] Fig. 4 shows typical examples of the asymmetric energy exchange observed in a mixture of the base LC, 3T-2MB, and TNF at 30 ºC with the application of an electric field of 0.2-0.4 V/m. Interference of the divided beams in the sample resulted in increased transmittance of one of the beams and decreased transmittance of the other beam. These transmittance characteristics were reversed when the polarity of the applied electric field was reversed. Asymmetric energy exchange was only observed when an electric field was applied, indicating that beam coupling was not caused by a thermal grating. With increasing concentration of 3T-2MB, the magnitude of the gain coefficient increased. The asymmetric energy exchange was observed only in the temperature range in which the sample exhibits ferroelectric properties (SmC* phase). The gain coefficients of the samples are plotted as a function of the magnitude of the external electric field in Fig. 5 . As the concentration of the photoconductive chiral dopants increased, so did the gain coefficient. This may be due to increased charge mobility in the FLC medium and an increase in the magnitude of Ps. All the samples exhibited relatively large photorefractivity. A gain coefficient higher than 700 cm -1 was obtained with the application of only 0.5 V/m. In order to obtain photorefractivity in polymer materials, application of a high electric field of 10-50 V/m to the polymer film is typically required. The small electric field necessary for activation of the photorefractive effect in FLCs is thus a great advantage for use in photorefractive devices. 
Conclusion
The photorefractivity of photoconductive FLC mixtures containing a photoconductive chiral dopant was investigated using two-beam coupling experiments. Relatively large gain coefficients higher than 700 cm -1 and the fastest photorefractive response (refractive index grating formation time) of 5 ms were obtained in the SS-state of these FLC mixtures. This response time is sufficiently short to realize real time dynamic holograms. Because the molecular shape of the terthiophene-type photoconductive chiral dopants is similar to that of the base LC molecules, the miscibility with the base LC is high. The mechanism of the formation of the space-charge field was found to be different depending upon the concentration of the photoconductive chiral dopant. FLC mixtures containing the photoconductive chiral dopants exhibited high gain coefficient and first response, making them useful for photorefractive devices. 
